In meeting the stringent emission norms with internal engine measures, the design of the piston bowl and the nozzle configuration perform a defining role. Through 3D CFD simulations, this article shall parametrically investigate the influence of piston bowl geometry and nozzle characteristics on the performance of the combustion system. After validation of the 3D simulation model with experimental results, a Design of Experiment (DoE) method shall be applied to analyze a matrix of piston bowls with parametric variations in geometry. Further, the influence of the nozzle cone angle, hydraulic flow rate, number of holes and their combination shall be determined using systematic parameter variations with selected piston bowl designs. The performance of the various hardware configurations would be evaluated based on the exhaust emissions and fuel consumption values. The combustion system under consideration is the Advanced Heavy Duty Combustion System (AHDCS) developed by FEV, which employs a narrow cone angle and a deeper piston bowl. Very high rail pressures and highly cooled Exhaust Gas Recirculation (EGR) strategy shall be used to exploit the full potential of the combustion system. An understanding of the phenomenological behavior of the spray-bowl interaction based on this parametric analysis would lay the groundwork for further optimization of the combustion system.
INTRODUCTION
Diesel engines are undergoing a continuous process of development to meet the increasingly stringent emission legislations. The measures being taken to meet the legislative limits are broadly divided into two groups, namely, internal measures and external measures. Internal measures directly affect the engine-out pollutants, while external measures are concerned with the after-treatment of the exhaust gases. The combustion chamber geometry and the nozzle configuration significantly influence combustion and, thereby, the emission formation and fuel consumption. Thus, they represent important parameters for engine performance and the incylinder emission control strategy. They take on greater significance in the case of heavy duty engines, which have a traditionally low cylinder head swirl, with the mixture generation largely driven by the fuel spray jet and the combustion chamber geometry. Hence, a detailed understanding of the influence of the piston bowl geometry and the nozzle parameters, as well as their combination, is necessary to enable greater control of emission formation. Different piston bowl concepts have been proposed and implemented over the years for high speed direct injection diesel engines /1/. Some prominent examples are the square bowl chamber, the deep bowl design, the reentrant bowl and the step bowl /1/. Similarly, the nozzle parameters, namely, the number of holes, hydraulic flow rate and the cone angle fall under the scope of optimization for engine development. Additionally, the start of injection has been included in the optimization process, the importance of which has been reiterated in recent publications /2, 3, 4/ A substantial amount of research has been performed in the past in the field of combustion layout optimization. Most of the research takes into account the piston bowl geometry and Parametric Analysis of Piston Bowl Geometry and Injection Nozzle Configuration using 3D CFD and DoE nozzle cone angle. However, the nozzle parameters, hole diameter and number of holes have not been included /5, 6, 7, 8, 9/. Also, the analysis of a number of selected piston bowl geometries have been considered without, however, parameterization of the profile /3//5//10//11/. A model-based approach has also been implemented for the purpose of combustion chamber optimization, with the use of Genetic Algorithms (GA) /2//3//7//11/. To a large extent, in research which includes the investigation of nozzle parameters, limited focus has been given to piston bowl shape /12/ Usually, the focus of research is minimization of emissions from the engine. Also the achievement of a particular emission level has not been the objective /2//3//5//6//7/. Therefore, the viability of the different measures in real life applications towards fulfillment of emission norms is not clearly understood. De Risi et al /7/ have extensively investigated different combustion concepts using variation of piston bowl geometry and injection cone angle. However, the optimization been carried out for passenger car diesel engines, whose layout is not directly transferable to heavy duty diesel applications.
In this paper, the piston bowl geometry was parameterized and analyzed, along with the nozzle geometry. A systematic approach was adopted for the investigations, through a combination of 3D CFD simulations and the statistical optimization method, Design of Experiment (DoE). The 3D CFD simulations were performed using the code KIVA-3V. The ability of DoE in modeling influences of parameters over a large range with sufficient accuracy, while reducing computation time and effort has been demonstrated /13//14/. The statistical modeling and optimization were done with the aid of FEV's in-house program ProCal /15/. The combustion system chosen for the analysis is FEV's AHDCS /8//16//17/, described later in this work. The geometric parameters of the piston bowl chosen for the analysis were the piston bowl diameter and the arc radius of the bowl. The nozzle parameters chosen were the number of holes, hydraulic flow rate (HFR) and cone angle. In addition, the start of injection (SOI) and nozzle tip protrusion (NTP) were varied to widen the scope for optimization for the combustion system. In addition, a variety of thermodynamic and emissions related parameters were incorporated in the analysis. While the primarily goal of the paper was the parametric analysis of the piston bowl and nozzle geometry, the entire work scope was targeted at combustion system optimization, in order to satisfy the Tier 4 final NOx limits (0.4 g/kWh) for off-road heavy duty diesel engines. To this end, high injection pressures of 3000 bar were applied, along with high boost pressures and highly cooled EGR rates, in excess of 45% at rated power. The potential of such ultra-high injection pressures in reduction of particulate matter emissions and fuel consumption has been established on both, a single cylinder engine as well as a multi-cylinder engine /18//19/.
METHOD
In this paper, a heavy duty diesel engine has been investigated on a numerical basis. As mentioned earlier, the 3D CFD and DoE were coupled. Figure 1 shows the interaction between the tools. In the first step, the system, including the engine specification and the boundary conditions for the simulations was defined. Then, the 3D CFD model was tuned and validated with the help of experimental data from an engine test bench. After this, a four dimensional testing/simulation plan for the DoE approach was set up.
In the next step, the defined DoE plan was simulated using KIVA 3V. Along with the usual output values of power, emissions and fuel consumption, other numerical values which parameterize the pollutant formation and combustion process were chosen. These are described in a later chapter. Then, the statistical models for all the output parameters were built in ProCal, followed by a validation loop to ensure sufficient model quality. In the sequence of steps, the optimization was performed after specification of the criteria of optimization (e.g. constant ISFC), after which a graphical parametric analysis of the optimized system was performed. 
COMBUSTION CONCEPT AND TEST APPARATUS
The combustion system used for the purpose of this analysis is FEV's Advanced Heavy Duty Combustion System (AHDCS 
Figure 2. Concept comparison between AHDCS and conventional combustion
Experimental results /8/ show that AHDCS delivers an improved PM-FC trade-off, compared to a conventional system, for a given constant NOx level (refer Figure 3) . AHDCS has also been demonstrated to utilize the potential of higher injection pressure better.
Figure 3. Comparison of PM-FC trade-off between AHDCS and conventional combustion
The test engine specifications for the analysis are shown in Table 1 . The single cylinder with a displacement of approximately 21 had a compression ratio of 17.5:1. The investigations were restricted to the rated power point at extremely high injection pressures of 3000 bar. The engine load point was set by adjusting the duration of injection to achieve the required brake torque. The NOx level was achieved by employing high rates (> 40%) of very highly cooled EGR. The EGR was set using a backpressure flap in the exhaust tract. A closed loop control was realized to automatically set the desired EGR rate. In order to obtain acceptable air-fuel ratios despite the high EGR rates, a high boost pressure of 5 bar was employed using an externally driven compressor as shown in the schematic of the test bench in Figure 4 /31/. The use of an external boosting system eliminated the limitations of a turbocharger for this research activity. The air temperature downstream of the compressor was fixed using a closed-loop control of the coolant flow through the charge air cooler. Air-EGR mixture temperatures of approximately 50°C were achieved in the intake surge tank even at the high EGR rates.
Table 1. Engine specifications
Gratis copy for Vinod Rajamani Copyright 2012 SAE International E-mailing, copying and internet posting are prohibited Downloaded Thursday, March 15, 2012 10:55:11 AM Temperature and pressure sensors are placed at necessary locations in the intake and exhaust air paths, and the injection system to record data. The engine performance data (speed, torque and fuel consumption), along with the various pressures and temperatures, is monitored and recorded with a resolution of 5 Hz. The cylinder pressure, along with the pressures in the intake and exhaust manifolds, is recorded with a higher resolution of 0.1 °CA.
A chemiluminescence detector for NOx emissions and a Flame Ionization Detector for hydrocarbon emissions were applied. A heated AVL smoke meter (415s) was employed to determine the particulate matter emissions, based on the AVL correlation. The EGR rate was determined by measuring the CO2 concentration in the intake manifold with the help of a non-dispersive infrared sensor. 
VALIDATION OF 3D KIVA MODEL
The 3D KIVA Model was validated comparing cylinder pressure and heat-release-traces of experimental data from the engine test bench. Experimental results from a single cylinder heavy duty engine with a 10-hole nozzle, having a HFR of about 1450 cm 3 /min, and a nozzle cone angle of 110°w ere used for model calibration.
Figure 5. Comparison of pressure trace and heat release rate of experiment and simulation
The engine was operated at the rated power point, at which the cylinder pressure trace was recorded, along with other performance and emissions parameters. A zero dimensional heat release analysis was performed using the measured pressure trace. The KIVA simulation was set-up using the boundary conditions of the experiment. The fuel spray model was additionally calibrated from optical measurements of injection into a pressurized chamber /31/.
The modeling parameters in KIVA 3V (af04, denomc, cm2) were calibrated in order to obtain a good match between experimental and simulation results. Figure 5 , exemplarily, shows the comparison of pressure trace and the heat release rate between experiment and simulation. In this case, the 3D CFD model quality was considered to be acceptable and further simulations were performed based on this calibrated model. In calculation of BMEP from the high pressure cycle simulated in KIVA 3V, the corresponding FMEP and gas exchange work of a multi-cylinder engine of a similar cylinder displacement was taken into consideration.
maximum diameter of the bowl as shown in the Figure 6 . To get a complete description of an AHDCS piston bowl based on these parameters, several others were left unchanged. The center point of the central cone, including its radius, was fixed. The next simplification was that the wall of the bowl was made vertical before the transition to the piston lip radius, which had a fixed radius. The central cone of the bowl was designed tangential to the arc radius of the base. The bowl depth was adjusted in order to obtain the same compression ratio, irrespective of the bowl diameter and arc radius of the base of the bowl. Figure 6 shows the complete range of bowl variants used for the DoE. The arc radius was varied between 12 mm and 18 mm, while the piston diameter was varied between 76 mm and 96 mm. On the left half of Figure 6 , the combination of the smallest arc radius (12 mm) with the minimum and maximum bowl diameter is shown, while on the right side the same is shown for the maximum arc radius (18 mm). For the special combination of the largest arc radius (18 mm) and largest bowl diameter (96 mm) it was not possible to have a vertical bowl wall. Therefore, the bowl arc radius ends directly in the small lip radius (2 mm). The bowl shown with the intermediate diameter is the base bowl, used for engine tests and the model validation.
Figure 6. Piston bowl design with the two DOE input geometry parameters
Apart from the piston bowl diameter and the arc radius, the nozzle cone angle and the SOI were included as input parameters for the DoE. To maintain the design effort for piston bowls in manageable proportions, first a two dimensional V-optimal DoE matrix with 16 piston bowls was prepared. This matrix was then extended to include the nozzle cone angle and SOI, without a further increase in the number of piston bowl designs. Normally, this would result in the worsening of the model quality. This probable worsening in the model quality due to the smaller number of piston bowls was more than compensated by increasing the number of model points in the four dimensional matrix by 50%.
The next step was the definition of an equivalent nozzle cone angle for each piston bowl design. As can be seen in Figure 6 , the bowl design varies from a very deep to a very shallow bowl shape. Therefore, it is not reasonable to use one nozzle cone angle for all variants. Normally, the position of spray in the bowl has a big impact on performance and emissions, although the AHDCS, with its narrow cone angle could be understood to be less sensitive to changes in NTP or nozzle cone angle. As mentioned before, the injection jet of the AHDCS is targeted deeper into the piston bowl than in conventional combustion. Therefore, for purposes of simplification, it was decided to use the deepest point in the piston bowl as the point of intersection between the injection spray axis and the bowl for each of the 16 bowl designs. The resulting nozzle cone angle was used as the base cone angle, with a DoE variation range of +/− 10°. This variation range is referred to as the nozzle cone angle offset in this work. A positive value of the nozzle cone offset meant that the cone angle was increased and vice versa. The SOI was also varied in a similar range. All KIVA simulation runs were performed with the same composition of intake gas (EGR) and characteristics of compression stroke (boost pressure and temperature).
To evaluate the influence of the piston geometry and orientation of the nozzle, the point of contact between the spray axis with the piston bowl was analyzed. The following additional parameters were chosen for DoE modeling:
• Angle between spray and central cone of the piston bowl (α)
• Angle between spray and tangent to the bottom of the piston bowl (β)
• Free length of the spray (FL)
• Depth of the piston bowl (d b )
Figure 7. Geometric parameters considered in the analysis
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RESULTS OF SIMULATION DOE
The results of the parametric analysis of the four dimensional DOE, performed at the rated power point, are first discussed in this chapter before the full factorial combustion system optimization is handled. Since the simulations were performed with the same air parameters such as EGR rate, boost pressure or intake temperature, the results of performance and emissions are only a function of parameters which influence the spray jet-piston bowl interaction and the SOI. The analysis was performed for a constant indicated specific fuel consumption corresponding to a typical heavy duty application available on the market. The injection pressure applied was 3000 bar, with a boost pressure of 5 bar and an EGR rate approximately 45%. The NOx emissions were varied from a value slightly above the Tier 4 final limit (0.4 g/kWh) down to about 0.2 g/kWh. The cylinder peak firing pressure was limited to 250 bar. The illustrations in the analysis have been limited to a parametric 0-D influence of the piston geometry. The 3-D flow visualizations from the simulations were purely utilized for measuring and verifying the different dimensions and angles defined in Figure 7 .
In Figures 8 and 9 , the trends of the emissions and fuel consumption have been plotted against the input parameters of the 4D-DoE i.e. piston bowl diameter (D), arc radius of the bowl (R), start of injection (SOI) and nozzle cone angle offset. In Figure 8 , the trends obtained from the variation of each of the piston geometry parameters (D and R) have been shown in detail for three different values of the other. The three values represent the maximum, mean and minimum of the variation range of each of the parameters. The piston bowl diameter was found to have the most significant influence, Fuel consumption and particulate emissions were found to decrease sharply with increasing diameter for all the three values of the arc radius considered. PM increased only slightly over arc radius at a piston bowl diameter of 86mm as well as 96mm. However at piston bowl diameter of 76 mm, it increased strongly with increasing arc radius. The probable reason is that an extremely deep but narrow bowl inhibits the propagation of the mixture outside the piston bowl. The same trend was observed for BSFC. As can be seen on the bottom left of Figure 8 , the NOx emissions continued to increase with increasing diameter irrespective of the arc radius value. On the bottom right of Figure 8 , NOx is almost constant over arc radius for all the three piston bowl diameter values and thus, appears to be independent of the arc radius.
Figure 8. Results of 4D-DoE: Variation of bowl diameter and arc radius
In Figure 9 , the results from the DoE model have been shown for variation of the input parameters, SOI and nozzle cone angle offset. The dark line shows the variation in a single parameter, with the other three DoE input parameters kept constant at their mean value. The trends of BSNOx, BSPM and BSFC observed with an advanced SOI (left side, Figure  9 ) were consistent with accepted theory. As expected, the NOx continued to increase with simultaneous decrease in PM and FC. A similar trend to that of advanced SOI was observed with variation of nozzle cone angle offset. The NOx emissions increased by almost 50% with 10° positive offset. However, this increase in NOx was less as compared to its increase observed with advancing SOI. On the other hand, an improvement in BSFC of 10 g/kWh and 50% reduction in PM were seen over the entire range of nozzle cone offset values.
Figure 9. Results of 4D-DoE: Variation of SOI and nozzle cone offset
In Figure 10 , the influence of the additional parameters viz. α, β, FL and d b on both NOx and PM emissions are shown.
With an increasing angle between the spray and the central cone of the piston bowl, α, the NOx emission tends to reduce. Starting from an α value of approximately 1.5°, the NOx emission drops from well above 0.4 g/kWh to nearly 0.3 g/kWh at an α of 6°. Further increase in α results in a further reduction in NOx at a lower rate. The PM emission marginally reduces with an α increase up to about 6°, after which it rises slightly. Overall, the sensitivity of PM to α is relatively low. Similarly, the correlation between PM and the angle between the spray and the tangent to the bottom of the piston bowl, β, is also relatively low. On the other hand, NOx tends to steadily increase with incremental values of β. Beyond a value of about 45° for β, NOx begins to increase rapidly. Since β is also the complement of semi cone angle of the nozzle, it can be inferred that a semi cone angle nozzle less than 45° is not practical, with regard to NOx emission for the given engine application. Higher values of spray free length, FL, have a small but positive influence on PM. A deeper piston bowl results in both, higher NOx and PM emissions. They increase by more than 50% when the bowl width, d b , is increased from nearly 16 mm to 21 mm.
Figure 10. Influence of piston geometry on NOx and PM emissions
Moreover, the DoE model was used to make an optimization of piston bowl design. Several optimization runs with different weightings on targets as ISFC, NOx and PM were performed. The DoE model indicates that the largest bowl diameter, in combination with an arc radius of about 13 mm is useful for low soot-emission and fuel consumption. One of the 16 bowl designs, used, in the DoE modeling stage, with a diameter of 96 mm and an arc radius of 13.2 mm fitted this description. Therefore, 3D CFD simulations were performed to validate the DoE model with this optimized piston bowl and a satisfactory model quality was established. This piston bowl was used as feedback to optimize the combustion system through the full factorial set of simulations.
RESULTS OF FULL FACTORIAL COMBUSTION OPTIMIZATION
In order to investigate the effects of nozzle parameters, a full factorial design was chosen. As explained in the previous chapter, an optimized piston bowl (R = 13.2 mm, D = 96 mm), obtained from the results of the four dimensional DoE was applied for the combustion system optimization the second DoE. This DoE was performed in three dimensions as a full factorial variation. The parameters which were varied and their ranges are given in Table 2 . The upper and lower limits of HFR per nozzle hole were set, considering the range in number of nozzle holes. This was primarily done because a very large (>2250 cm 3 /min) or a very small (<900 cm 3 /min) total HFR of nozzle could lead to deterioration of engine performance (emissions and BSFC). Additional simulations with a HFR per hole of 250 cm 3 /min were performed with the 6 hole nozzle. The operating point of the investigation was the rated power point, as in the previous investigations. A NOx level of around 0.2 g/kWh was chosen which offers sufficient margin to the Tier 4f NOx limit.
Table 2. Variation of nozzle parameters
In Figure 11 , the effect of HFR per nozzle hole on the NOx and PM emissions, as well as on FC and cylinder PFP are shown. The results are shown for both, a 6-hole nozzle and an 8-hole nozzle at the baseline NTP. The results show that NOx steadily decreases with increasing HFR per hole as does the FC. Although the heat release rate and hence the NOx emissions are understood to be higher with a larger HFR, the results show that the NOx formation was in fact lower. This is probably due to an improved mixture homogeneity resulting from the higher spray penetration thus lowering the local combustion temperatures. The faster combustion leads to higher cylinder peak pressures and contributes to the increased fuel efficiency.
With increasing HFR per hole from 150 cm 3 /min, the PM emissions continue to drop till a minima is reached at HFR per hole of 200 cm 3 /min. Thereafter, PM emissions start rising again. This is observed for both 6-hole and 8-hole nozzles. For a higher HFR, the mechanisms of PM formation and PM oxidation are expected to be more pronounced. This may be attributed to the larger droplet diameters on one hand and the faster combustion rate in combination with shorter injection duration. In the case under study, the PM oxidation mechanism appears to more than compensate for the increased PM formation up to a value of HFR per hole of 200 cm 3 /min. Beyond that, the PM formation mechanism begins to dominate.
The 6-hole nozzles showed lower NOx emissions than the 8-hole nozzles. This can be due to the lower heat release rates and reduced surface area of fuel jets for NOx formation. The combustion was slower with 6-hole nozzle leading to lower PFP and BSFC. The better air entrainment expected with an 8-hole nozzle helped in obtaining lower PM emissions. The 10-hole nozzles, which are not depicted in Figure 11 , showed little variation in NOx and no particular trend in PM emissions. However, they showed similar trends in BSFC and PFP as the 6-hole and 8-hole nozzles.
Figure 11. Results of Full factorial DoE: Variation of HFR per hole and hole number
The influence of the variation in NTP on NOx and PM emissions, as well as BSFC and PFP is shown in Figure 12 , using an 8-hole nozzle. The different NTP variants have been plotted over nozzle HFR per hole. The NTP, as mentioned in Table 2 was varied by 1 mm about the baseline value. The results show that a lower NTP led to slightly faster heat release, which resulted in higher cylinder PFP and greater NOx formation. The NOx emissions increased on an average by about 15% compared to the baseline NTP configuration. The faster heat release itself is due to the greater free spray length, permitting a more rapid mixture formation. The BSFC also dropped slightly with a decrease in NTP at lower values nozzle HFR per hole. The change in BSFC, however, was negligible with higher HFR rates. The PM sensitivity to HFR is strong at the lowered NTP. While there are noticeable PM benefits with large HFR nozzles, the PM behavior deteriorates with lower HFR nozzles. With the lowest HFR per hole investigated (150 cm 3 /min), the PM emission with lower NTP was, in fact, worse than that with baseline NTP. 
SUMMARY/CONCLUSIONS
In this paper, an attempt has been made to analyze the influence of the piston bowl geometry on in-cylinder combustion. The investigation was performed under engine operating conditions required to fulfill Tier 4f NOx limits. A systematic approach has been adopted, including the application of 3D CFD and statistical modeling and optimization. For the purpose of establishing objective geometry parameters for the study, the piston bowl was parameterized, upon which the piston bowl diameter and the arc radius of the piston bowl were chosen as the primary variables of influence.
Firstly, a four dimensional DoE, involving the two chosen piston geometry parameters, as well as the nozzle cone angle and the SOI, was performed. The results show that the piston bowl diameter plays a dominant role in determining the NOx and PM emissions as well as BSFC. The piston arc radius however is relevant only for NOx emissions. It plays a secondary role with regards to PM emissions and FC except with very small piston bowl diameter values. The effect of increasing nozzle cone angle is similar to that of advanced SOI. Therefore, higher nozzle cone angles result in higher NOx with drop in PM and BSFC values. However, the NOx penalty is substantially reduced due to change in nozzle cone angle when compared to SOI advance. A similar trend as with the cone angle is reflected in the analysis of the parameters α and β. A very large value of β results in drastic increase in NOx values. The PM-NOx trade-off was optimum with a relatively shallow piston bowl. Based on these results, an optimum piston bowl was chosen for the full factorial combustion optimization. This bowl had the largest bowl diameter considered for the investigations and a relatively small arc radius.
A full factorial combustion optimization showed the influence of HFR per nozzle hole, NTP and the number of nozzle holes. 6-hole nozzles resulted in significantly lower NOx emissions, but with a PM and BSFC drawback. While NOx continuously decreased with higher HFR per hole, the PM emissions reached a minima at 200 cm 3 /min. Also, PM showed high sensitivity to change in HFR at low NTP. The optimized nozzle configuration is a 6-hole nozzle with total HFR of 1200 cm 3 /min and baseline NTP.
Further, from an applicability point of view, it has been shown that Tier 4f NOx emission norms can be achieved. However, the PM emission levels necessitate the use of high efficiency particulate filter. Increase in boosting demand and the required EGR rates necessitate careful layout of the turbocharger. Also, higher cooling requirements pose a challenge for packaging. Mechanical redesign to enable a higher peak firing pressure limit of the engine is another aspect that needs to be addressed for further reduction in PM emissions.
